Changes in the morphology of staphylococci incubated with antimicrobial cationic proteins isolated from the teat canal of the cow were studied with the electron microscope. Morphological changes in similar organisms deposited in the teat canals of a healthy cow for 24hr and subsequently recovered were also examined. In both instances changes were observed in the cell wall and pIasma membrane. Accumulation of a dense layer of finely fibrillar material on the surface of the organism was also observed.
INTRODUCTION
In an investigation of factors associated with protection of the bovine mammary gland against bacterial invasion, Hibbitt & Cole (1968) and Hibbitt, Cole & Reiter (1969) isolated antimicrobial proteins from the keratinous layers of the teat canal. These proteins were inhibitory to strains of Streptococcus agalactiae and Staphylococcus aureus capable of producing mastitis.
In a review on antimicrobial tissue factors Scarnes & Watson (1957) described the binding of cationic proteins to the surface of micro-organisms, but the cause of death of the organism was not determined. Hirsch (1958) studied the effects of histones on microbial growth and suggested that the adsorbed proteins may damage the osmotic barrier of the cell wall, thereby impairing respiration. In a more recent study of the antimicrobial cationic proteins isolated from lysosomes of guinea-pig polymorphonuclear leucocytes Zeya & Spitznagel ( I 966) suspected a disturbance of cell respiration associated with damage to the cell membrane.
In the experiments described above, little attention was paid to the detailed morphological changes produced in the micro-organisms by the growth-inhibitory proteins.
The following experiments were designed to study the changes produced in a strain of Staphylococcus aureus by a known antibacterial substance, penicillin, and by various cationic polymers including calf thymus histone, protamine sulphate, poly-L-lysine, lysozyme and a protein fraction isolated from the teat canal keratin of the cow.
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Materials.
Teat canal proteins were prepared as described previously (Hibbitt et al. 1969) . The calf thymus histone fraction F2A was purchased from the Sigma (London) Chemical Co. Ltd., the protamine sulphate and poly-L-lysine from British Drug Houses Ltd., and egg-white lysozyme from Worthington Biochemical Corporation, Penicillin G was supplied by Glaxo Laboratories Ltd..
The treatment of bacterial suspensions with cationic proteins. The effect of various cationic proteins was studied on cultures of Staphylococcus aureus (42D phage type) isolated originally from the mammary gland of a cow suffering from mastitis. A 5.0 ml. nutrient broth (Oxoid) culture of the organism was incubated for 16 hr at 37" then centrifuged at 2000 g for 15 min. The sedimented organisms were washed twice by resuspending in isotonic saline ('0.15~) and centrifuging to remove all traces of the broth. The organisms were finally suspended in 2.0 ml. isotonic saline containing the protein under investigation at a concentration of 250 ,ug./ml. After a further period of incubation at 37" for I hr the suspensions were centrifuged at 2000 g for 15 min. and the pellets sectioned and studied in the electron microscope. In the control experiments the organisms were incubated in isotonic saline alone. Penicillin G was added to the saline to 250 ,ug./ml. when the effect of this antibiotic was being studied.
Deposition of staphylococci within the teat canal. In an in vivo experiment to study the morphological changes which occur in pathogenic staphylococci inoculated into the teat canal, approximately 4 x 1 0 ' organisms in 0.1 ml. isotonic saline were deposited in the teat canal of a lactating cow at a point 3 mm. from the external orifice by the procedure of Hibbitt & Jones (1967). The suspension of organisms was prepared by centrifuging IOO ml. of an overnight nutrient broth culture at 2000 g for 20 min. and resuspending the pellet in 10 ml. isotonic saline. The cow was milked immediately before the organisms were injected; after the injection, the cow was left unmilked and then slaughtered 24 hr later. The teats were removed, unwanted tissue dissected away and portions of the teat canals prepared for electron microscopy.
Electron microscopy. Pellets of' the treated staphylococci and portions of the teat canals were fixed in ice-cold I yo osmium tetroxide at pH 7.3 (Millonig, 1961) for 4 hr.
The fixed materials were washed in a 70% (v/v) methanol in water, dehydrated in absolute methanol and embedded in Araldite. Sections were cut with diamond knives on a Reichert ultramicrotome, stained with uranyl acetate, as described by Stempak & Ward (1964), and examined in an A.E.I. EM6 electron microscope.
RESULTS
Normal staphylococci. A detailed study was made of the fine structure of normal organisms to control the effects sf various antimicrobial proteins on the morphology of staphylococci. Plate I , fig. I shows a normal organism after a 60 min. incubation period in isotonic saline. A series of concentric light and dark layers, similar to those described by Suganuma (1969, were seen at the periphery of the organism. The cell wall was composed of two dense layers with an intervening less densely stained layer (layers a to c PI. I , fig. I ). Adjoining the cell wall was a less densely stained layer which constituted the middle layer of the bacterial plasma membrane (of which the outer and inner densely stained layers were c,onfluent with the cell wall and cytoplasm respectively, fig. 2 ) incubated with teat canal antimicrobial proteins showed anatomical changes. One organism possessed a relatively intact cell wall, although its outermost densely staining layer appeared to be absent; the other organisms did not have a discrete cell wall. In all cases the outermost layers of the organisms appeared to be surrounded by a layer of fibrillar material.
Morphological changes in staphylococci recovered from the teat canal. In the previous figure, the deviations from normal in the morphology of staphylococci were produced by the action of an antimicrobial substance in an in vitro experiment. However, changes were also observed in the organisms in an in vivo experiment in which the organisms were placed in the teat canal and recovered 24 hr later. In most cases the changes resembled those produced by teat canal antimicrobial protein (PI. I , fig. 3) ; the organisms possessed a densely staining cytoplasm but lacked a discrete cell wall. The outermost layer of each cell wall was surrounded by a layer of densely staining fibrillar material.
The efect of calf thymus histone on staphylococci. Cocci incubated with calf thymus histone F2A (PI. I, fig. 4 ) resembled those treated with teat canal antibacterial proteins. The nuclear areas were reduced in size or in some cases had disappeared completely. The triple-layered plasma membrane had ruptured in places and the cell wall was altered retaining its trilaminar structure in certain regions only. The outer surface appeared to be covered by a relatively dense layer of finely fibrillar material. Damage to the cell wall varied from a relatively intact, but altered, structure to an organism completely lacking a wall.
The efect of lysozyme on staphylococci. The incubation of staphylococci with eggwhite lysozyme resulted in a densely stained cell wall, the profile of which was decreased in thickness in some regions. In some cases, the cell wall and plasma membrane had ruptured leading to an extrusion of cytoplasm (Pl. 2, fig. 5 ).
The efect of protamine sulphate and poly-L-lysine on staphylococci. Protamine sulphate and poly-L-lysine produced very similar effects on cultures of staphylococci (Pl. 2, fig. 6, 7) . In both cases the cell wall remained intact, with a faint deposit of electron dense material on the outer surface. The cytoplasm was agranular and nuclear areas were absent. Membranous bodies (mesosomes) were associated with the cell wall and with the septum betwen dividing organisms.
The efect ofpenicillin on staphylococci. Organisms treated with penicillin (Pl. 2, fig. 8 ) were greatly damaged. The densely stained cell wall was ruptured in several places as was the plasma membrane. Residual cytoplasm was fibrous and clumped.
D I S C U S S I O N
An investigation of the action of cationic proteins isolated from teat canal keratin on the morphology of staphylococci was made following in vitro studies which demonstrated a marked antimicrobial activity (Hibbitt, & Cole, 1968; Hibbitt et al. 1969 ). In the previous studies which included experiments with the anionic dye Fast Green 376 W. G. M A C M I L L A N AND K. G. H I B B I T T FCF at pH 8.0, it was suspected that the cationic protein fractions became attached to the surface of the micro-organisms before inhibiting their growth. It appeared these bound proteins may have produced some morphological changes which led to the death of the micro-organism. In the present study marked morphological changes were observed in organisms incubated with teat canal proteins. These changes closely resembled those observed in the in vivo studies reported above.
Although the antibacterial activity of cationic proteins was not a new finding, less is known of their action upon the fine structure of micro-organisms. The morphological changes produced in staphylococci by protamine sulphate, poly-L-lysine and lysozyme showed little resemblance to those produced by the teat canal proteins and calf thymus histone. Experiments in which staphylococci were incubated with penicillin allowed a comparison to be made with a substance which had a known action on cell walls.
Particular attention was paid to the effects of lysozyme on staphylococci, in accordance with its possible function as a natural protective mechanism of the body. Dubos (1945) has pointed out that it may fulfil an important function in preventing potentially pathogenic organisms from establishing themselves in a host. Kern, Kingkade, Kern & Behrens (1951) observed no marked changes in the morphology of staphylococci incubated with lysozyme (3 mg./ml.) for 6 hr at 3 7 O , apart from a gradual decrease in electron-density at the periphery of the cell. Nevertheless, they reported a substantial decrease in the viable count. The concentration of lysozyme used in the present experiment, which was considerably less than that used by the above workers, caused some damage to the cell walls and plasma membranes of the organisms. This finding is consistent with the suggestion of Salton (1957) that lysozyme produces a slow and incomplete cligestion of the cell wall of Staphylococcus aureus.
Our studies suggest that the presence of antimicrobial proteins in the teat canal might enable it to function not only as a mechanical barrier to invading pathogenic micro-organisms, but as a region where these organisms may be actively destroyed. 
